The electrochemical oxidation of iodide ion in the presence of 4-hydroxycoumarin (1) was studied using cyclic voltammetry and controlled-potential coulometry. The result indicates that the resulting iodine takes part in a halogenation reaction and reacts with 4-hydroxycoumarin (1). According to the obtained results, a new and simple coulometric titration method with potentiometric end-point detection for the determination of 4-hydroxycoumarin (1) is presented. In the presented method, 2 -200 µmol of 4-hydroxycoumarin (1) was successfully determined.
Introduction
4-Hydroxycoumarin with anticoagulant activity 1 is widely used to prepare pharmaceutical and some of biologically important compounds, such as warfarin 2 diazepins, 3 pyranocoumarins and coumarinopyrano pyrimidines, 4 antiplatelet compounds, 5 benzopyranopyrano quinolines 6 and fercoprolones, 7 analogues of novobicin 8 and coumestans. 9, 10 It has also been identified as an intermediate in many processes. 11, 12 The quantitative determination of 4-hydroxycoumarin is, therefore, very important both in studies of biological and industrial processes. Several papers in the literature report on methods for the determination of 4-hydroxycoumarin anticoagulant rodenticides, generally employing high-performance liquid chromatographic techniques, 13,14 gas chromatography, 15 thinlayer chromatography, 16, 17 gas chromatography coupled with mass spectroscopy, 18, 19 immunoassay, 20 derivative spectroscopy [21] [22] [23] or voltammetry (for determination of coumarin derivatives). 24, 25 However, few of these publications have reported a method for the determination of 4-hydroxycoumarin. This prompted us to investigate the anodic behavior of iodide in the presence of 4-hydroxycoumarin by cyclic voltammetry and controlled-potential coulometry from both voltammetric and analytical aspects. The present work describes a facile coulometric titration method with potentiometric end-point detection using inexpensive reagents and simple equipment for the determination of 4-hydroxycoumarin.
Experimental

Apparatus
The reaction equipment is described in an earlier paper. 26 4-Hydroxycoumarin was of reagent-grade from Fluka and sodium iodide was of pro-analysis grade from E. Merck. These chemicals were used without further purification.
Procedure
Coulometric titration was carried out in a reaction solution containing 0.5 M NaI in a phosphate buffer (pH = 7.2 and C = 0.6 M).
A sample containing 2 -200 µmol of 4-hydroxycoumarin was introduced into 30 ml of a reaction solution in an electrolysis cell. After starting a mechanical stirrer, a stabilized current was passed through the solution. The applied current depended on the quantity of the compound being determined, and was adjusted so as to maintain the titration time from several to a dozen or so minutes. Potentiomtric end-point detection was performed using a platinum indicator and a saturated calomel electrode.
Results and Discussion
Voltammetric aspect
An electrochemical study of iodide in the presence of 4-hydroxycoumarin (1) was performed using cyclic voltammetry and controlled-potential coulometry. The cyclic voltammetry of 1 mM of sodium iodide in an aqueous solution containing 0.6 M phosphate buffer (pH = 7.2) shows one anodic (A1) and corresponding cathodic peak (C1), which correspond to the transformation of iodide to iodine, and vice versa, within a twoelectron process (Fig. 1 , curve a) (Scheme 1, Eq. (1)). Figure 1 , curve b, shows a cyclic voltammogram obtained for a 1 mM solution of iodide in the presence of 1 mM 4-hydroxycoumarin (1). The voltammogram exhibits two anodic peaks (A1 and A2), an increase in the anodic current (A1) and a disappearance of the cathodic counterpart (C1) of the anodic peak (A1). In this figure, the anodic peak (A2) corresponds to the oxidation of 4-hydroxycoumarin (1) . 10 Under these conditions, proportional to the augmentation of the sweep rate, a cathodic peak (C1) appears, the height of which increases progressively with the scan rate. In addition, controlled-potential coulometry was performed in a solution containing 5 mM sodium iodide and 5 mM 4-hydroxycoumarin (1) at 0.75 V vs. SCE. Monitoring of the electrolysis progress by cyclic voltammetry showed that as the electrolysis proceeded, the anodic peak A1 (as well as A2) decreased and finally along with the consumption of about 2e -per mole of iodide disappeared.
We assume such a behavior to be an indication of a chemical reaction between iodine and 4-hydroxycoumarin (1) (Scheme 1). This idea is supported by the facts that the peak current function (Ipa/v 1/2 ) and peak curent ratio (Ipa/Ipc) decrease with an increasing scan rate. 27 The proposed mechanism was also confirmed by identifying positive iodine at the C-3 position of 1a. 28 In this direction in phosphate buffer (pH = 7.2 and C = 0.6 M), a solution containing 0.2 mmol of 4-hydroxycoumarin was introduced into a solution of triiodide ion (about 0.2 mmol). Because of the reaction between 4-hydroxycoumarin and triiodide ion (Scheme 1, Eq. (2)), a colorless solution was obtained. The color of triiodide ion reappeared when about 1 ml of concentrated sulfuric acid was added into the colorless solution (Scheme 2). 29 Such a behavior indicates the reaction between positive iodine at the C-3 position of 1a and the iodide ion (Scheme 2). In addition, this mechanism is also in good agreement with the results already proposed concerning the electrochemical iodination of dimedone 30 and barbituric acid. 26, 31 An interesting feature of this mechanism is its similarity to the EC mechanism (following reaction), in respect of the reaction of iodine with 4-hydroxycoumarin. On the other hand, the regeneration of iodide ion on the surface of the electrode indicates its resemblance to the EC' mechanism (catalytic reaction). Based on this mechanism, the increase of Ipa in the presence of 4-hydroxycoumarin (Fig. 1, curve b) is related to the regeneration of iodide on the surface of the electrode. 27 
Analytical aspect
It was found experimentally that the reaction rate of 4-hydroxycoumarin (1) with iodine is related to the solution pH. The effect of different pH values was studied over the range from 2 to 12. The results indicate that a solution with a pH greater than 7 (0.6 M phosphate buffer, pH 7.2) provides a sufficiently high reaction rate, enabling direct titration. In neutral and acidic media, the reaction rate of iodine with 4-hydroxycoumarin was low, and direct titration was impossible (Fig. 2) .
In order to assess the possible analytical application of the described method, the effects of some organic and inorganic substances were tested. In spite of the similarity between the structure of 4-hydroxycoumarin (1) and warfarin {3-(α-acetonylbenzyl)-4-hydroxycoumarin} (2), the results indicate that this compound did not interfere even in large amounts (100-fold) in determination of 4-hydroxycoumarin (1). In addition, it was found that many organic compounds (except for β-diketones, β-ketoesters and other compounds that can react with iodine), such as formaldehyde, acetaldehyde, acetone, ethanol, methanol, 2-propanol, The results of a coulometric determination of 4-hydroxycoumarin (1) in the presence of iodide are given in Table 1 . The presented coulometric method is characterized by a high accuracy and a short analysis time (Fig. 3) .
Conclusion
The results of this work show that iodine produced from the electrooxidation of iodide reacts with 4-hydroxycoumarin. The reaction mechanism for the anodic oxidation of iodine in the presence of 4-hydroxycoumarin is presented in Scheme 1. In this paper we describe a facile method for determination of the 4-hydroxycoumarin concentration that can be used for the determination of other β-diketons and β-ketoesters. This method is characterized by a simple cell and electrodes, a short analysis time, simple procedure, commonly available reagents, good reproducibility, determination over a wide order of magnitudes (2 -200 µmol) in the sample and determination without any pretreatment of the electrodes.
